Bacteria that are able to utilize biphenyl as a sole source of carbon were extracted and isolated from polychlorinated biphenyl (PCB)-contaminated soil vegetated by horseradish. Isolates were identified using matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS). The usage of MALDI Biotyper for the classification of isolates was evaluated and compared to 16S rRNA gene sequence analysis. A wide spectrum of bacteria was isolated, with Arthrobacter, Serratia, Rhodococcus, and Rhizobium being predominant. Arthrobacter isolates also represented the most diverse group. The use of MALDI Biotyper in many cases permitted the identification at the level of species, which was not achieved by 16S rRNA gene sequence analyses. However, some isolates had to be identified by 16S rRNA gene analyses if MALDI Biotyper-based identification was at the level of probable or not reliable identification, usually due to a lack of reference spectra included in the database. Overall, this study shows the possibility of using MALDI-TOF MS and MALDI Biotyper for the fast and relatively nonlaborious identification/classification of soil isolates. At the same time, it demonstrates the dominant role of employing 16S rRNA gene analyses for the identification of recently isolated strains that can later fill the gaps in the protein-based identification databases.
Bacterial identification has always been a major challenge in all microbiological fields. Originally, all bacteria were identified according to their phenotypic characteristics after they had been isolated in pure culture. Only in the 1980s did scientists discover a huge discrepancy in the bacterial contents in aquatic and terrestrial habitats expressed as CFU after cultivation and direct microscopic enumeration (62) . This discovery contributed highly to the boom in molecular biological methods of bacterial identification, which are independent of cultivation. These techniques have enabled scientists to discover and study actual bacterial diversity, which in most environments is orders of magnitude larger than culture-based techniques are able to reveal (40) . However, characterization of bacteria after isolation still remains the most effective way of identifying bacterial properties.
The necessity of fast and accurate identification of bacteria has been driven mostly by the needs of clinical and food microbiology, as these fields are directly connected with human health. Whereas tests based on biochemical traits are still important for the identification of pathogenic bacteria (64) , they mainly fail with microbes isolated from environmental samples, as the diversity of microbes in these habitats is enormous (70) . Environmental isolates are usually classified based on the primary structures of 16S rRNA genes (9) . The process of DNA isolation, amplification of target genes, and sequencing is, however, rather time-consuming. Therefore, the introduction of mass spectrometry (MS) for the purposes of bacterial identification (13, 24) represented an important milestone. Since then, several mass spectrometry methods have been used to identify and classify bacteria (57) . Particularly rapid identification of bacteria has been permitted by whole-cell matrixassisted laser desorption ionization-time of flight (MALDI-TOF) methodology. MALDI-TOF MS profits from embedding the sample in the crystalline structures of small organic compounds (matrix), depositing it on a conductive sample support, and irradiating the cocrystals with a nanosecond laser beam whose energy results in the disintegration of the crystal. Released ions are accelerated in the electric field, and the time necessary for them to reach the detector is measured. The time of flight can be used to calculate ion masses (mass-to-charge ratio) (32) . The identification process is in this case based on fingerprinting analyses of ribosomal proteins and other abundant basic proteins. Ribosomal proteins represent about 20% of the protein mass and about 3% of the total cellular mass, and as they are specific to individual species, they are ideal to be used as biomarkers (39) .
MALDI Biotyper, brought onto the market by Bruker Dal-tonics (Bremen, Germany), is one of the user-friendly packages that employ whole-cell methodology for accurate and rapid identification of bacteria. The identification process using this software is based on the comparison of a generated peak list for the isolate that is to be identified with a library which contains characteristic spectral information for known and characterized microbes (45) . The combination of wholecell MALDI-TOF MS and MALDI Biotyper is therefore an effective tool for a very rapid and highly reproducible identification of bacteria. Additionally, MALDI-TOF MS profile analyses may be used to construct family trees similar to those based on 16S rRNA gene sequences (45) . This study aimed to employ MALDI Biotyper-based screening of biphenyl-utilizing bacteria isolated from horseradish (Armoracia rusticana) rhizosphere soil contaminated by recalcitrant polychlorinated biphenyls (PCBs). So far, MALDI Biotyper has been used for the identification or species-species differentiation of isolates important in medical or clinical microbiology (see, e.g., references 2, 15, 26, 27, and 49) . In this study we tested MALDI-TOF MS as a tool for environmental microbiology and bioremediation research.
MATERIALS AND METHODS
Soil samples. Samples of horseradish rhizosphere soil were procured after 5 months and 11 months of replicate pot cultivation of horseradish plants in long-term PCB-contaminated soil as described elsewhere (72) . The soil used was sandy soil contaminated mainly by Delor 103 and Delor 106 mixtures of PCBs, consisting of congeners with levels of chlorination similar to those for Aroclor 1242 and 1260, respectively (43) .
Extraction of bacteria from the rhizosphere soil and direct plating. Immediately after harvesting of the plants, bacteria were extracted from the horseradish rhizosphere soil using 1% (wt/vol) sodium pyrophosphate. Ten grams of soil (nondried) was suspended in sodium pyrophosphate solution (the total volume of soil and solution was 100 ml) with glass beads for 2 h at 28°C on a rotary shaker at 130 rpm. The extraction was followed by a series of 10-fold dilutions to extinction into 0.85% (wt/vol) sodium chloride solution (physiological solution). One hundred microliters of each solution was inoculated onto plate count agar (PCA) (Oxoid Ltd., United Kingdom) and mineral medium (0.5 g/liter NH 4 and agar suspensions were autoclaved separately and mixed before being poured into the petri dishes) with crystals of biphenyl, which evaporated and served as the sole carbon and energy source. Plates were incubated at 28°C. Colonies grown on plate count agar were enumerated after 24 h, and those on mineral medium were enumerated after 5 days of cultivation. The observed amount of cultured bacteria in the horseradish rhizosphere soil was expressed as CFU per gram of nondried soil. Individual colonies on the mineral medium with the most diluted inocula were transferred into 5 ml of mineral salt solution (72) with a few crystals of biphenyl as the sole carbon and energy source and incubated on a rotary shaker at 28°C. Bacteria that were capable of growing in the liquid medium (as determined by absorbance measurements at 600 nm) on biphenyl were further studied.
Screening of bacterial isolates by MALDI-TOF MS.
Isolates were identified using a Bruker Biflex IV MALDI TOF spectrometer (equipped with a UV nitrogen laser [337 nm] and a dual microchannel microplate detector) and MALDI Biotyper 2.0 software (Bruker Daltonics, Bremen, Germany). The preparation of the samples was performed according to manufacturers' recommendations: after 24 to 48 hours of cultivation of an isolate on PCA (Oxoid Ltd., United Kingdom) at 28°C, a single colony was transferred with a toothpick onto the MALDI target in triplicates, drizzled with 1 l of a saturated solution of ␣-cyano-4-hydroxycinnamic acid (Sigma-Aldrich) in organic solution (50% acetonitrile, 2.5% trifluoroacetic acid), and directly screened. Spectra were recorded by Flex Control software (Bruker Daltonics, Bremen, Germany) in a linear positive mode at an accelerated voltage of 19 kV in the range from 2 to 20 kDa. For each measurement, at least 300 individual spectra (30 laser shots at 10 different spot positions) were collected and averaged. External calibration was performed with the Bruker bacterial test standard (Bruker Daltonics, Bremen, Germany). For each triplicate measurement, the spectra were manually inspected and unified for main-spectrum (MSP) dendrogram construction, omitting a maximum of one spectrum of the three if it was considerably weaker in intensity than the other two. The dendrogram was created by the standard MALDI Biotyper MSP creation method (Bruker Daltonics, Bremen, Germany), where distance values are relative and are always normalized to a maximum value of 1,000.
The matching of unknown spectra to the MSPs is evaluated based on dedicated score values. For this, peak information for the MSPs is transformed to a maximum accessible score (point) value. This value is used for calculating the final score, according to which the identification results are evaluated as follows: if the logarithmic value of the final score is between 2.3 and 3, the isolate is identified at the level of species; for values between 2 and 2.3, the identification is secure at the level of genus; for values between 1.7 and 2, the identification at the level of genus is probable; and for values lower than 1.7, the identification is not successful.
16S rRNA gene sequence analyses. Identification by MALDI-TOF MS was compared to that based on 16S rRNA gene sequence analyses. After DNAs from the bacteria had been isolated with the QIAamp DNA minikit (Qiagen, Germany), portions of the 16S rRNA genes were amplified with primers 8f and 926r (72) following a program of 95°C for 5 min, then 25 cycles of 95°C for 45 s, 56°C for 45 s, and 72°C for 90 s, and final extension at 72°C for 10 min. The 25-l reaction mixtures contained the template DNA, 5 pmol each primer (Generi Biotech, Czech Republic), 5 nmol deoxynucleoside triphosphates (dNTPs) (Promega), 2.5 g bovine serum albumin (BSA) (Promega), and 0.5 U DyNAzyme II DNA polymerase with the corresponding buffer (Finnzyme, Finland). A reconditioning step (69) was performed to obtain a sufficient amount of DNA for sequencing, in which 5-l aliquots of the initial PCR product were transferred to new reaction mixtures and amplified for three cycles under the same PCR conditions except in double volumes with double amounts of PCR chemicals. PCR products were purified with the QIAquick PCR purification kit (Qiagen, Germany). Classification was performed by means of Ribosomal Database Project (RDP) Classifier (14) at an 80% confidence threshold after single-extension sequencing with primer 926r was performed on a Beckman Coulter CEQ2000XL platform (Beckman Coulter) using the program and parameters recommended by the manufacturer. The sequences were edited manually and trimmed at Escherichia coli positions 310 and 806, covering the variable regions V3 and V4. Phylogenetic trees were constructed using MEGA software (68) with MUSCLEbased alignment and applying the maximum-likelihood method (with 500 bootstrap replications and the Jukes-Cantor model) with cyanobacterium Prochlorococcus marinus (T) (AF180967) as an outgroup.
Detection of bphA genes. The abilities of the isolates to degrade biphenyl were confirmed by amplification of portions of bphA genes encoding the first enzyme of biphenyl degradation, biphenyl dioxygenase. For the screening, a representative of each cluster of isolates (defined at a distance level of 15 in the MSP dendrogram) was chosen. Amplification was performed using the conditions described for 16S rRNA gene amplification except that the number of cycles was increased to 45. The pairs of primers used were described previously, either 490f (5Ј-CGCGTSGMVACCTACAARG-3Ј) and 697r (5Ј-GGTACATGTCRCTGC AGAAYTGC-3Ј) (B. xenovorans LB400 positions) (55) or BPH2F (5Ј-GACGC CCGCCCCTATATGGA-3Ј) and BPH2R (5Ј-AGCCGACGTTGCCAGGAAA AT-3Ј) (5) .
Nucleotide sequence accession numbers. The sequences determined in this analysis were deposited in GenBank (accession numbers JF813120 to JF813173).
RESULTS
Plate counts. After extraction from horseradish rhizosphere soil, bacteria were diluted to extinction and were inoculated on plate count agar and mineral medium. The grown bacteria were enumerated after 24 h in the case of plate count agar and after 5 days in the case of mineral medium. The total numbers of bacteria on PCA extracted after 5 and 11 months of pot cultivation were (1.5 Ϯ 0.3) ϫ 10 6 and (4.3 Ϯ 3.9) ϫ 10 5 CFU/g soil, respectively. Corresponding numbers on mineral media were (9.7 Ϯ 3.9) ϫ 10 5 and (3.7 Ϯ 1.6) ϫ 10 5 , respectively. Identification of biphenyl-utilizing isolates by MALDI-TOF MS. Altogether, 54 isolates capable of utilizing biphenyl as a sole carbon and energy source were obtained from the solid mineral medium which was inoculated with the solutions from Fig. 1 and after conversion to gel-like format in Fig. 2 . The most abundant isolate appears to be Serratia fonticola. The spectra of the isolates identified as S. fonticola are very closely related, which raises the likelihood of these isolates being one strain. Similarly, the spectra of Arthrobacter isolates 4, 35, and 36 and Rhodococcus isolates 13, 14, 20, and 29 were very much alike. Isolates 9, 10, 23, and 33, identified by 16S rRNA gene sequencing as Ensifer, are also closely related, as are all isolates identified as Rhizobium radiobacter and Arthrobacter aurescens isolates 17 and 49 ( Fig. 1) .
Sequence analyses of 16S rRNA genes. Sequence analyses of 16S rRNA genes and use of RDP Classifier permitted the identification of other groups of isolates that were not successfully classified using MALDI Biotyper or whose identification was only with lower scores of below 1.7 (i.e., indicating probable identification of the genus). These isolates were members of the genus Ensifer. Isolates 7, 26, and 27, which were closely related to isolate 26 (Fig. 3) , the only one identified by MALDI Biotyper, were members of the genus Oerskovia. Isolates 16 and 30 were identified as Microbacterium and isolate 15 as Ancylobacter (Table 1) . Other identification results were in agreement with those obtained by MALDI Biotyper. The obtained sequences were trimmed and used for phylogenetic tree construction.
Detection of bphA genes. For each MSP cluster, one representative was screened for the presence of bphA genes. The presence of this gene was confirmed with primers 490f and 697r for Arthrobacter isolates 2 and 3 as well as the cluster of isolates 4, 35, and 36, isolates of Serratia, Ensifer, and Gordonia, and Achromobacter isolate 8. Rhodococcal bphA genes were detected by the second pair of primers, BPH2F and BPH2R.
DISCUSSION
In this study we isolated and identified bacteria capable of utilizing biphenyl as a sole source of carbon and energy, which could therefore be potential degraders of PCBs. Despite the toxicity of PCBs, some microbial species are known to degrade them (17, 42, 44) . Many strains which are capable of degrading several PCB congeners have been isolated and studied in various laboratories (4, 7, 8, 18, 47, 65) . The plant rhizosphere is considered to be an ideal environment for the selection and activity of PCB-degrading bacteria, as (i) plants release a wide spectrum of secondary metabolites that can act as carbon sources for PCB-degrading bacteria or cometabolites of PCBs and substitute for biphenyl, which is commonly used in laboratory research, and (ii) turnover of the roots provides the rhizosphere bacteria with oxygen, which is necessary for the enzymatic cleavage of the aromatic ring (36, 37, 41) . Horse- 
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on June 24, 2017 by guest http://aem.asm.org/ radish rhizosphere was chosen as a source material in this study, as horseradish was previously mentioned as a suitable candidate for bioremediation of PCBs (29) . The main task of this study was to evaluate the applicability of MALDI-TOF MS and the MALDI Biotyper database for the classification of environmental isolates potentially exploitable in bioremediation. Our results show that MALDI-TOF MS and MALDI Biotyper can be used for these purposes for several reasons. First, 16S rRNA gene sequence analysis is known to provide reliable identification of bacteria at the level of genus after 400-base reads are analyzed (9), whereas if reference spectra are present in the database, MALDI-TOF MS is able to identify bacteria on the level of species (45), which can be illustrated with many of our isolates (Table 1) . Even when 16S rRNA gene sequences were subjected to BLASTn searches, typically the sequences were 99 to 100% identical to more than one species of the particular genus (especially with Arthrobacter spp.). MALDI Biotyper can therefore be considered in some cases more informative than 16S rRNA gene sequence analysis. Second, the use of MALDI-TOF MS and MALDI Biotyper has been shown to be able to identify different strains (15, 23) . Put the other way around, employing this technique can allow for the determination of which isolates are the same strain and thereby reduce the financial costs associated with further analyses of isolates, as only one representative can be chosen and worked with further. Third, due to its rapidity and easy sample preparation, MALDI-TOF MS is a very suitable method for the screening of a larger number of environmental isolates; the whole process consists only of growing the culture on a medium, transferring a colony onto the MALDI target, mixing it with a matrix, and performing MS analysis (which takes about 30 s per spot). On the other hand, it is important to highlight that the available databases that serve as references for bacterial identification need to be progressively supplemented with spectra of newly isolated bacteria. Our results suggest that some taxa (e.g., Ensifer) are not included in the databases, as their spectra were not poor in quality and yet were not identified. In such cases, 16S rRNA gene sequencing still remains the most reliable way of classifying the isolates.
One of the main advantages of the use of MALDI-TOF MS, however, lies in its ability to distinguish bacteria up to the strain level. It has been proved that once the samples for analyses have been treated in the same way, the generated spectra are quite reproducible and unique fingerprints are achieved with different strains, as was shown for E. coli (3), pathogenic Neisseria strains (26) , staphylococci (15) , listeriae (6), campylobacters (34) , mycobacteria (23) , and others. To the best of our knowledge, this study is the first one to apply MALDI-TOF MS to environmental isolates (which are potentially relevant for bioremediation). Although this study was targeted primarily to test the applicability of MALDI-TOF MS and MALDI Biotyper as a means of identification to the level of genus or species, there appears to be no reason why envi- Figures 1 and 3 show dendrograms generated from all main spectra and partial 16S rRNA gene sequences, respectively.
Although clustering of closely related organisms was mostly similar in both cases, one must bear in mind that the dendrogram presented in Fig. 1 does not represent phylogenetic relations or distances as does the dendrogram in Fig. 3, which is   FIG. 3 . Maximum-likelihood phylogenetic tree of partial 16S rRNA gene sequences obtained from the isolates. The sequence of the cyanobacterium Prochlorococcus marinus (T) (AF180967) was used as an outgroup. VOL. 77, 2011 MALDI-TOF MS FOR ENVIRONMENTAL ISOLATE IDENTIFICATION 6863 generated from 16S rRNA gene sequences (even though the sequences were only partial). MALDI-TOF MS spectra represent not only ribosomal proteins but also other abundant proteins expressed by the cell that usually do not reflect evolutionary distance. Among the biphenyl-utilizing bacteria isolated from the horseradish rhizosphere soil were Gram-negative as well as Gram-positive bacteria. Many isolates were proven to possess bphA genes. With the isolates of Oerskovia, Microbacterium, Pseudomonas, Aeromonas, Ancylobacter, and Rhizobium and some arthrobacters, these genes were not detected. This might have been either because the primers were selective to some groups of bphA genes only while the others were not captured or because biphenyl might be metabolized by other dioxygenases with broad substrate specificity, such as toluene dioxygenase or naphthalene dioxygenase.
The majority of the genera identified were previously reported to be capable of degrading PCBs or other aromatic compounds (Table 2) . Except for the detection of Serratia isolates extracted from PCB-contaminated soil and sediment in Georgia and Pennsylvania (22) , the genus Serratia as well as the genera Rhizobium and Ensifer, whose members were repeatedly detected among isolates in this study, are not commonly isolated as biphenyl and/or PCB degraders. However, lignolytic activity has been observed with Serratia isolates (46, 52) , and the ability of bacteria to degrade biphenyl and its chlorinated derivatives is often connected with the ability to degrade lignin (19) . Except for Serratia, decomposition of lignins has been detected with members of some of the genera isolated in this study, including Pseudomonas (33), Arthrobacter (74) , and Rhodococcus (77) .
In our previous study (72) , we investigated the biphenylutilizing bacterial populations in the same soil by DNA-based stable-isotope probing (SIP), a method that enables discovery of the identity of metabolically active bacteria in the sample without cultivating them (12, 16, 53, 71) . Only members of the genus Achromobacter were detected as biphenyl utilizers by this approach; they were isolated in a pure culture after extraction from the soil, and the 16S rRNA gene sequences of isolate 8 and Achromobacter clones recovered from [ 13 C]DNA were almost identical. Such a discrepancy between cultivationbased studies and the culture-independent stable-isotope probing approach may be attributed to several factors, such as the fact that only a small fraction of bacteria are routinely cultivated under common laboratory conditions. On the other hand, the bacteria that were isolated as biphenyl utilizers do posses the genes that enable them to utilize this substrate, and it cannot be ruled out that these bacteria were not detected by SIP because they may grow more slowly in soil than the detected bacteria. In this case their DNA would not be labeled enough to be separated from high-GϩC-content [
12 C]DNA. Together, the results of this study show the applicability of MALDI-TOF MS and MALDI Biotyper to bioremediation research by enabling scientists to reliably identify contaminants degrading bacteria. Although 16S rRNA gene analyses remain important for the identification of recently isolated strains, in other cases MALDI-TOF MS-based identification of bacteria can be preferred to 16S rRNA gene sequence analyses due to its rapidity and easier sample preparation, which are very important in environmental microbiology research, where enormous numbers of isolates can be obtained. 
